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FINAL REPORT 
 
 
Introduction: 
 
BCR/ABL is an oncogenic fusion p rotein that is causall y associated with Philad elphia chrom osome positiv e 
(Ph+) leukemias.  Although the pathogenesis of these m alignancies can be directly attr ibuted to a deregulated 
tyrosine kinase ac tivity that resid es within th e ABL sequences, additional dom ains that are contained within 
both BCR and ABL are also required for transformation (1).  Of particular note are regions within the first exon 
of BCR that regulate BCR/ABL  kinase and transfor ming activity through poorly described m echanisms.  I n a 
recent study we have determ ined that  BCR interacts with several structur ally independent components of the  
mammalian endosom al sorting complex required for tran sport (ESCRT), and regulates endosom e-mediated 
turnover of the epidermal growth factor recep tor (2; EGFR).  ESCRT complexes are assem bled on the lim iting 
membrane of the m ultivesicular bo dy (MVB), and are res ponsible for sorting pro teins th at are targeted for 
lysosome-mediated degradation.  While studying the ro le of BCR in endosom al trafficking we m ade the 
surprising o bservation that BCR contains  a ubiquitin  binding dom ain within its N H2-terminus, and that the 
structural integrity of this site is retained in p210 BCR/ABL.  Although direct binding  to ubiquitin is relatively 
uncommon, this association has been im plicated in seve ral distinct biological proc esses. Im portantly, recent 
evidence suggests that this interaction can direct a proteins own monoubiquitylation, which in turn is thought to 
facilitate allosteric regu lation.  The im portance of th e ubiquitin dock ing site for BCR/ABL transfor mation is 
unclear, and was the central issue of this proposal.  The goa ls of the proposal were relatively straightforward; to 
generate a mutant of p210 BCR/ABL that  no longer interacts with ubiquitin, and determine whether the mutant 
is impaired in signaling and/or transforming activity.  
 
Body: 
 
Task 1a and 1b:  Map the docking site for ubiquitin by yeast 2-hybrid analysis, and construct and 
validate a ubiquitin binding mutant for Bcr-Abl.  
In order to  map the ubiquitin  binding dom ain (UBD) we cloned full-length ubiqu itin in to a y east expression 
vector and examined binding to BCR, and p210 BCR/ABL, by yeast 2-hybrid analysis.  As shown in Figure 1A, 
we were able to confirm the interaction between full-length BCR and BCR/ABL by yeast 2-hybrid analysis.  As 
indicated, a series of BCR truncation c onstructs were then generated and te sted to further localize the UBD.   
This analysis revealed that ther e was a single UBD within BCR and BCR/ ABL, and that it resides within  
residues 178-191.  This result was reported in the last annual progress report.  Sin ce it had been previously 
shown by others that GRB2 binds to  residue tyr177 of BCR we were c oncerned that our m utant m ay also 
disrupt this interaction which coul d confound our analysis of transf orming activity.   Thus, rather than 
immediately evaluating our mutant in transformation assays, we decided to evaluate the interaction with GRB2.  
For this analysis residues 178-191 were delete d in the context of p210 BCR/ABL and tested by  
immunoprecipitation for binding  with ubiquitin (Figure 1b) and GRB2 (Figure 2a).  Although the m utant was 
clearly im paired in ub iquitin binding, it was  no longer ab le to  in teract with GRB2 suggesting that we had  
constructed a double mutant.  Since GRB2 binding supports BCR/ABL transf ormation, we decided to further  
refine the ubiquitin binding site.  T hus, a s maller deletion was constructed ( Δ180-191) and evaluated for 
binding.  This m utant is also im paired in ubiquitin bi nding, both in yeast and m ammalian cells (F igure 1), but 
can still interac t with Grb2 (Figur e 2).  This result ind icated tha t th e two binding sites are separable and 
provided us with a m ore useful m utant to evaluate the contribution of  ubiquitin to BCR/ABL t ransformation.  
The need to genetically s eparate these two binding activities delayed, but did not impair, our ability to evaluate  
the mutant in the signaling and transformation assays. 
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Figure 1:  Ubiquitin interacts with the NH2-terminus of BCR, and with BCR/ABL.  (A) Yeast 2-hybrid 
analysis was used to  map the UBD within the NH 2-terminus of BCR. The dom ain structure of the full-length 
BCR protein is illustrated in the upper schematic (O = oligomerization domain; kinase = serine/threonine kinase 
domain; DH = Dbl hom ology domain; PH = pleckstrin homology domain; C2 = calcium binding domain; GAP 
= GTPase activating protein dom ain) and th e lin es be low indica te the re gions of the prot ein included in 
predicted translation products of the various cDNA derivatives.  All deriva tives were tested for binding with 
full-length ubiquitin (Ubq), and with the isolated o ligomerization domain of BCR ( Oligo) which served as a 
positive control for binding. (C) 293T cells were transiently transfected with the indicated HA-tagged constructs 
and then lysates were collected and subjected to affinity precipitation (AP) using a ubiquitin-agarose conjugate, 
followed by western blot (WB) to detect BCR/ABL binding. 
 
Task 1c:  Characterize the ubiquitin binding mutant in mammalian cells. 
It has been previously shown that p210 BCR/ABL autophosphorylates on Tyr-177 (within the BCR sequences), 
creating a docking site for GRB2  (34).  As shown by co-immunopreci pitation, both p210 BCR/ABL and the 
smaller dele tion (Δ180-191) interact with GRB2, while the larger deletion ( Δ178-191) does not (Figure 2A).  
Retention of an interaction with a known binding part ner suggests that loss of ubiquitin binding does not  
destabilize the BCR/ABL protein.  Since the larger deletion has norm al auto-kinase activity (see Figure 3A), 
loss of binding is probably due to the loss of residues 178 and 179 which may be required to support the GR B2 
interaction.  To confirm that the association with GRB2 is not impaired in the smaller mutant we also examined 
levels of activated ERKI/2 in the lysates.  BCR/ ABL has been shown to activate ERK I/2 in a GRB2-dependent 
manner.  Consistent with this, levels of phos phorylated ERK1/2 are higher in the BCR/ABL and 
BCR/ABL(Δ180-191) lysates than vector lysates.  Higher ERK levels were also observed in lysates that contain 
the larger deletion mutant which may reflect a residual interaction with GRB2.   Overall our results suggest that 
the interaction with GRB2 does not requir e ubiquitin binding, and confirms that we have functionally separated 
these two binding activities using the smaller deletion mutant. 

A recently published report suggests th at the transcrip tional activ ator β-catenin inte racts with, and is 
stabilized by, BCR/ABL.  BCR/ ABL binds to phosphorylated β-catenin which s tabilizes it ag ainst ubiquitin-
mediated degradation.  The docking site for β-catenin has been mapped to th e NH 2-terminal region of 
BCR/ABL to an interval that  includes the UBD (residues 1-202).  This association is intr iguing to us since β-
catenin is regulated by ubiquitylati on, and the docking site for BCR in β-catenin has been m apped to a single 
lysine residue.  Thus, it is possible that this lysine is a site of ubiquitylation which is required for the interaction 
with BCR/ABL.  To exp lore this possibility we also exam ined our lysates with antib odies that recognize total 
and  phosphorylated β-catenin (Figure 2a).  Consistent with pr evious reports, the level of phosphorylated β-
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catenin is  elevated in lysates that  express BCR/ABL.  However, we do not observe elevated levels of 
phosphorylated β-catenin in lysates that contain either of the two deletion m utants.  This suggests that 
BCR/ABL m ay be binding to a ubiquitinated residue in β-catenin and preventing chain elongation and 
degradation.  To confirm  that  the ubiquitin binding m utant can  not stabilize phosphorylated β-catenin we 
probed our lysates with antibodies that r ecognize the different phosphorylated form s of β-catenin (Figure 2B).  
In each case a lower level of phosphorylated  β-catenin was observed.  Next we determ ined whether the 
ubiquitin binding m utant is im paired in its abi lity to directly interact w ith phosphorylated β-catenin.  Thus we  
overexpressed BCR/ABL or the binding mutant and performed an i mmunoprecipitation using an antibody that 
recognizes phosphorylated β-catenin.  Although we were readily able co-imm unoprecipitate BCR/ABL with 
phospho-β-catenin, we were unable to IP the mutant s uggesting that the interaction between BCR/ABL and  β-
catenin requires ubiquitination.  
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Figure 2:  The ubiquitin binding mutant cannot interact with phosphorylated β-catenin.  293T cells were 
transiently transfected with the indicated HA-tagged cons tructs.  Lysates were collected at 48 hours and were 
either imm unoprecipitated (IP) or exam ined by west ern blot (W B) with the indicated antibodies. (A) An 
interaction with ubiqu itin is not required for G RB2 binding, or activation of ERK 1/2, but is required for 
phosphor-β-catenin stabilization.  Lysates we re exam ined by western blot to  determ ine levels of BCR/ABL 
expression (upper panel).  Lysates were then  immuno precipitated w ith a BCR/ABL antibody and 
immunoprecipitates were exam ined by we stern blot for the presence of G RB2 (second panel).  Lysates were 
also examined by western blot for levels of total ERK1/2 (third panel), ac tivated ERKI/2 (fourth panel), total β-
catenin (fifth panel) and phosphorylated β-catenin (bottom panel). (B) Ubiqui tin binding is required to support 
stabilization of phospho- β-catenin.  Lysates were exam ined by Westen blot with the indica ted antibodies.  (C)  
The ubiquitin binding mutant cannot interact with phosphorylated β-catenin. 
 
 
Task 2a: Test the p210 Bcr-Abl ubiquitin binding mutant in cell-based transformation assays. 
 
It has been previously dem onstrated by numerous gr oups that the transform ing potential o f BCR/ABL is  
dependent upon a tyrosine kinase activity that resides within the ABL sequences.  Any mutation that diminishes 
this activity will impair transforming activity in cell- and animal-based model systems for CML.  To determine  
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whether the tyrosine kinase activit y of BCR/ABL requires  ubiquitin binding, we expressed both wild-type and 
mutant proteins in 293T cells and performed western blots to exam ine the phosphorylation levels of known 
substrates of p210 BCR/ABL tyrosine kinase activity.  As shown (Figure 3A), elevated levels of  endogenous 
phosphorylated CRKL were observed in cells that e xpress p210 BCR/ABL or the two deletion m utants, 
suggesting that the trans-kinase activity is unaffected by loss of ubiquitin binding.  Next we exa mined the same 
lysates with an antibody that recognizes the Tyr-245 autophosphorylated form of p210 BCR/ABL.  As shown in 
Figure 2A (second panel from  top), the autokinase ac tivity of p210 BCR/ABL and th e two mutants is also 
equivalent.  Thus, the overall kina se activity of BCR/ABL is not depend ent upon ubiquitin binding and this 
activity is not regulated by ubiquitin through an allosteric mechanism.   
 Next we wished to determ ine if the m utant lacks activity in a cell-based assay for lymphoid 
transformation.  It has been shown prev iously that expression of BCR/ABL is sufficient to confer interleukin-3 
independent growth to the 32Dc13 murine m yeloid cell line.  Thus BCR/ABL and the mutant were cloned into 
the MSCV bicis tronic retroviral vector.  This  vector contains GFP as po sition 2 which allow f or FACS sorting 
of infected cells.  Cells were sorted for GFP expression and then equal numbers were cultured in the presence or 
absence of IL-3 and then growth was measured at 48 hr (Figure 3B).  As shown both the mutant and BCR/ABL 
were both able to support IL-3 indepe ndent growth in this  cell type indicating that at lea st this  parameter of  
transformation is not dependent upon ubiquitin binding.  
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at 72 hr. 

Figure 3:  Ubiquitin binding does not 
support tyrosine kinase activity or 
interleukin-3 independent Growth.  (A)  
293T cells were transien tly transfected with 
the indicated construc ts.  Lysa tes wer e 
collected at 48 hr and exam ined by W estern 
blot with the indica ted antibod ies.  An 
antibody that recognizes phosphorylated 
BCR/ABL was used to determine the level of 
autophosphorylation.  (B )  32Dc13 m yeloid 
cells were infected with  the indicated MSCV 
retroviral c onstructs.  Cells wer e FACS 
sorted for GFP expression and then equal 
numbers were plated and counted 

 
Task 2b: Test the p210 BCR/ABL ubiquitin binding mutant in a bone marrow transplantation model.  
Because of the unanticipated observation that the binding site for ubiquitin is immediately adjacent to the GRB2 
binding site, it took longer than expected to develop a binding mutant that is uniquely impaired in its interaction 
with p210 BCR/ABL.  Since we only re cently have obtained a m utant that we are satisfied has the necessary 
properties, the cell based assays for transform ation have been perform ed, but the bone m arrow transplantation 
study has not been completed.   Nonetheless, the mutant is in hand and has been successfully introduced into the 
bicistronic MSCV vector (see Fig ure 3B).  The vector s have been used to tran sfect the Phoenix ecotropic 
packaging cell line and high titer retroviral stocks have been obtai ned for MSCV-gfp, MSCV- BCR/ABL-gfp 
and MSCV-BCR/ABL( Δ180-191)-gfp.  W e anticipate that these stud ies will be co mpleted over the nex t 3-6 
months. 
 

Key Research Accomplishments 

• We have identified th e docking site for ub iquitin within the am ino-terminus of BCR and p210 
BCR/ABL. 
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• We have determined that p210 BCR/ABL contains a single docking site for ubiquitin.  

• We have determ ined that the docking site is adj acent to, but genetically separable from  the GRB2 
docking site. 

• We have generated and validat ed a ubiquitin binding mutant of p210 BCR/ABL in a mammalian 
expression construct. 

• We have determined that ubiquitin binding support s the interaction with, and stabilization of, β-catenin.  
This provides a novel pathway linking BCR/ABL expression to the Wnt signaling pathway. 

• We have determ ined that ubiquitin binding is not required to support the kinase activity of BCR/ABL 
through an allosteric mechanism. 

• We have determ ined that ubiqui tin binding is not required to suppo rt IL3 –independent growth in 
murine myeloid cells. 

 

Reportable Outcomes 
Meeting Abstracts and Publications 

Chen, R., G.M. Mahon and I.P. Whitehead (2009)  E xploring the role of the interaction between p210 
BCR/ABL and ubiquitin in chronic m yelogenous leukem ia.  Annual Retreat of New Jersey Co mmission on 
Cancer Research, New Brunswick, NJ. 

Grants Awarded 

The PI has just been awarded a grant from the Foundation of UMDNJ to continue these studies. 

Personnel Receiving Pay from Research Effort 

Ian P. Whitehead,  Principal Investigator 
Ethan Fitzpatrick,  Graduate Student 
Ru Chen, Graduate Student 

 

Conclusion 
During this study we have m apped the binding site for ubiquitin in BCR/ABL and constructed a m utant that 
lacks this binding activity.  Although th e mutant has norm al tyrosine kinase  activity it can no longer interact 
with and stabilize β-catenin.  Since it has been previously suggested that stabilization of β-catenin contributes to 
p210 BCR/ABL transformation of leukemic stem cells, these observations are extremely excited.  Although loss 
of ubiquitin binding do es not appear to affect BCR/ABL transform ation in cell based assays, experim ents are 
currently underway to exam ine disease progress ion in animal models.  The unexpect edly direct link be tween 
BCR/ABL and W nt signaling is intrigui ng, and suggest that proteaso me i nhibitors should be explored as  
possible adjuvant treatments for CML.  
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